If the amygdala is involved in shaping perceptual experience when affectively significant visual items are encountered, responses in this structure should be correlated with both visual cortex responses and behavioral reports. Here, we investigated how affective significance shapes visual perception during an attentional blink paradigm combined with aversive conditioning. Behaviorally, following aversive learning, affectively significant scenes (CS ؉ ) were better detected than neutral (CS ؊ ) ones. In terms of mean brain responses, both amygdala and visual cortical responses were stronger during CS ؉ relative to CS ؊ trials. Increased brain responses in these regions were associated with improved behavioral performance across participants and followed a mediationlike pattern. Importantly, the mediation pattern was observed in a trial-by-trial analysis, revealing that the specific pattern of trialby-trial variability in brain responses was closely related to singletrial behavioral performance. Furthermore, the influence of the amygdala on visual cortical responses was consistent with a mediation, although partial, via frontal brain regions. Our results thus suggest that affective significance potentially determines the fate of a visual item during competitive interactions by enhancing sensory processing through both direct and indirect paths. In so doing, the amygdala helps separate the significant from the mundane.
If the amygdala is involved in shaping perceptual experience when affectively significant visual items are encountered, responses in this structure should be correlated with both visual cortex responses and behavioral reports. Here, we investigated how affective significance shapes visual perception during an attentional blink paradigm combined with aversive conditioning. Behaviorally, following aversive learning, affectively significant scenes (CS ؉ ) were better detected than neutral (CS ؊ ) ones. In terms of mean brain responses, both amygdala and visual cortical responses were stronger during CS ؉ relative to CS ؊ trials. Increased brain responses in these regions were associated with improved behavioral performance across participants and followed a mediationlike pattern. Importantly, the mediation pattern was observed in a trial-by-trial analysis, revealing that the specific pattern of trialby-trial variability in brain responses was closely related to singletrial behavioral performance. Furthermore, the influence of the amygdala on visual cortical responses was consistent with a mediation, although partial, via frontal brain regions. Our results thus suggest that affective significance potentially determines the fate of a visual item during competitive interactions by enhancing sensory processing through both direct and indirect paths. In so doing, the amygdala helps separate the significant from the mundane.
attentional blink ͉ aversive conditioning ͉ emotion ͉ fMRI A critical function of the amygdala appears to be to segregate the neural representations of the significant from the mundane (1, 2) . One manner by which the amygdala carries out this critical function is by modulating mnemonic processes (3) . A second manner by which the amygdala accomplishes this is by shaping perceptual experience directly. For example, classical conditioning can enhance perceptual sensitivity and stimulus salience by retuning sensory cortex in accordance with a stimulus's behavioral importance. These plastic changes depend on modulatory signals that originate in the amygdala (4) . Converging evidence has been reported in human conditioning studies, which indicate that aversive learning modulates the sensory representation of affectively significant stimuli in a manner that is paralleled by behavioral benefits in detection and discrimination performance (5) (6) (7) .
Although the amygdala is believed to shape perceptual experience, the mechanisms by which this is accomplished remain poorly understood. For instance, although lesion data support a causal link between the amygdala and enhanced perception (2) and between the amygdala and increased sensory responses (8) , the precise link between amygdala responses, increased sensory responses, and enhanced perception is unclear. Here, we reasoned that if the amygdala is involved in shaping perceptual experience when affectively significant visual items are encountered, responses in this structure should be correlated with both visual cortex responses and behavioral reports. Furthermore, we hypothesized that, during a challenging visual task, the relationship between amygdala responses and behavior would be mediated by the visual cortex-given that the latter is directly involved in visual perception per se. In other words, whereas individual differences in visual performance would be expected to be predicted by amygdala responses, this relationship would be strongly dependent on visual cortical responses (see Fig. 1A) .
A growing body of work suggests that the impact of the amygdala on behavior depends on the availability of processing resources (9) (10) (11) . We therefore further hypothesized that the relationship between evoked amygdala and visual cortical responses would depend, at least in part, on frontoparietal regions involved in attentional processing. To test this prediction, a second mediation model was evaluated (Fig. 1B ) in which both a direct path between the amygdala and visual cortex and an indirect pathway involving frontoparietal areas were included (alternative models are, of course, possible and are discussed in the SI Text).
For correlational (i.e., noncausal) methods such as functional MRI (fMRI) and single-unit recordings, the strongest and most direct link between brain activity and behavior involves the trial-by-trial relationship between neural signals and behavioral choice. Accordingly, we reasoned that if the amygdala is critical in shaping perceptual experience when affectively significant visual items are encountered, moment-to-moment fluctuations in evoked responses in this structure should be correlated to fluctuations in both visual cortex responses and behavioral reports. Importantly, the mediation-like interactions between the amygdala, visual cortex, and behavior were anticipated to occur on a trial-by-trial manner, consistent with the notion that the amygdala directly contributes to shaping visual responses and perception (see Fig. 1 A) .
Results
To test the above model, subjects performed an attentional blink (AB) task during fMRI scanning and were asked to detect two target objects presented among distracters in a rapid serial visual presentation stream (RSVP). Typically, a subject's detection of the second target (T2) is significantly impaired when it closely follows the first target (T1) (12) , an effect that is decreased when T2 is an affectively significant item (13, 14) . To investigate trial-by-trial responses, a slow event-related design (14-18-s trials) was used. As others before (15), we capitalized on the existence of category-related responses in ventral visual cortex to faces (fusiform gyrus; FG) and scenes (parahippocampal gyrus; PHG) to help separate responses to T1 (faces) and T2 (scenes) (Fig. 2) . In particular, the PHG responds strongly to houses/ buildings and quite weakly to faces (16) , allowing for the separation of T2-evoked responses. The experimental session begun with an initial learning phase during which houses (CS ϩ ) or buildings (CS Ϫ ; counterbalanced) were paired with shock (50% contingency). Subsequently, participants completed additional AB runs and a ''localizer run'' involving a 1-back memory task with faces and scenes. To focus our hypotheses and the tests performed, we analyzed our data in terms of regions of interest (ROIs), which focused on the amygdala, PHG in visual cortex, and frontoparietal regions. As in the case of visual cortex, hit-related responses evoked in the amygdala were correlated with T2 behavioral performance 
ROI Analysis of Frontoparietal Regions.
Because of the sluggish nature of fMRI responses, T1-related processes cannot be clearly dissociated from T2-related responses in regions of the frontoparietal cortex that are sensitive to fluctuations in attentional demands. Accordingly, because our central goal was to probe how affective learning influences the AB, our analysis of frontoparietal ROIs, in addition to other sites that were robustly engaged by our task, focused on two specific contrasts: CS ϩ vs. CS Ϫ hits and CS ϩ vs. CS Ϫ misses (Figs. S3 and S4; see Table S1 for a complete list). When hit trials were contrasted across conditions (CS ϩ vs. CS Ϫ ), significant differences were observed in the R inferior parietal lobule (IPL) [t (29) ϭ 2.99, P Ͻ 0.01], L/R middle frontal gyrus (MFG) [t (29) ϭ 3.32, P Ͻ 0.01; t (29) ϭ 3.21, P Ͻ 0.01, respectively], R superior frontal gyrus (SFG) [t (29) ϭ 2.38, P Ͻ 0.05], and L anterior insula [t (29) ϭ 3.65, P Ͻ 0.01]. No region showed significant differences when miss trials were contrasted (Ps Ͼ 0.2), again indicating that differential responses were not produced unless a T2 scene was correctly reported.
Network Interactions. In the correlation analysis above, we observed that, across participants, responses in the amygdala were significantly correlated with behavioral performance (Fig. 3D) . Using statistical mediation anaysis (Fig. S5 ) (31), we then tested the hypothesis that the effect of the amygdala on behavior was mediated via visual cortex (Fig. 1 A) . Evidence for this relationship would be provided if the strength of the path between the amygdala and behavior were significantly reduced once PHG responses were taken into account. To formally test this hypothesis, we performed a mediation analysis by using responses from the R amygdala (predictor) and the PHG (mediator), in addition to behavioral performance (outcome). Because we wanted to test if these interactions subserved the improvement in T2 performance with affectively significant stimuli, the variables entered into the analysis considered CS ϩ and CS Ϫ differences during hit trials. As shown in Fig. 4A , the path between the amygdala and PHG (path a 1 ; a 1 ϭ 0.37, P Ͻ 0.01) and the path between the PHG and behavior (path b 1 ; b 1 ϭ 1.32, P Ͻ 0.05), after controlling for amygdala responses, were statistically sig- (A) Path analysis was used to test the hypothesis that the effect of the amygdala on behavior was mediated by the PHG. For all variables, differences between CS ϩ and CS Ϫ hits were used. A significant mediation was detected (i.e., significant a1b1), such that the cЈ path (effect from the predictor to the outcome after controlling for a mediator effect) was not statistically significant. The statistical significance of path coefficients was determined via bootstrapping (see SI Text). The dotted line indicates a path that was not statistically significant. (B) Path analysis was used to test the hypothesis that the effect of the amygdala on PHG responses was mediated via the MFG. Other conventions as in panel A. Both direct and indirect paths were statistically significant. *P Ͻ 0.05, **P Ͻ 0.01, two-tailed. R, right; AMYG, amygdala.
nificant. Critically, the mediation effect also was significant (a 1 b 1 ϭ 0.48, P Ͻ 0.05). However, the direct effect from the amygdala to behavior was not significant after controlling for the effect of the R PHG (cЈ ϭ 0.20, n.s.), indicating that the PHG mediated (i.e., statistically nonsignificant cЈ) the relationship between the amygdala and the behavioral benefits of affective significance on scene detection.
Frontoparietal regions have been proposed to constitute the neural locus of capacity-limited processes thought to underlie the AB. Accordingly, we hypothesized that the impact of the amygdala on visual cortex was potentially mediated via frontoparietal regions. Another possibility is that the contributions of the amygdala are better understood as involving both direct (amygdala 3 PHG) and indirect (amygdala 3 frontoparietal 3 PHG) effects (Fig. 1B) . We explored two frontoparietal regions, the R MFG and R IPL, because they (i) were modulated by affective significance (CS ϩ vs. CS Ϫ hit) and (ii) exhibited significant correlations with the R amygdala (Ps Ͻ .05); both of these regions have also been implicated in the AB (18) . Both the direct path (c 2 Ј ϭ 0.28, P Ͻ 0.05) and the indirect paths were statistically significant (a 2 ϭ 0.35, P Ͻ 0.05; b 2 ϭ 0.23, P Ͻ 0.05; a 2 b 2 ϭ 0.08, P Ͻ 0.05), indicating that both a direct effect of the amygdala on the PHG and an indirect effect of the amygdala on the PHG that involved the MFG were identified (Fig. 4B) . A structural equation model in which the paths from Fig. 4 A and B were estimated simultaneously revealed similar findings (Fig.  S6 ). When the R IPL was considered in a similar mediation analysis, a mediation effect was not observed (ab ϭ 0.01, n.s.).
Moment-to-Moment Fluctuations in Behavior and Brain Responses.
We now turn to the goal of predicting moment-to-moment T2 decisions from single-trial fMRI responses.
Visual Cortex. The previous analyses investigated relationships between brain and behavior by considering mean responses for each trial type. We reasoned, however, that if fluctuations in visual cortex responses determine T2 detection performance, trial-by-trial response amplitude of PHG responses should predict behavioral reports. In addition, because performance was better during the CS ϩ relative to the CS Ϫ condition, this relationship should be stronger for the former. To evaluate these predictions, we performed logistic regression analysis and modeled the probability of a hit trial as a function of single-trial amplitude. The mean logistic regression slopes, which represent the strength of the predictive effect, were significantly greater than zero for both CS Fig. 5 C and D] . Note that because logistic regression slopes evaluate the relationship between hits and misses, this result indicates that an interactiontype pattern was present in our data (see SI Text for further discussion).
Network Interactions. The mediation analyses presented above focused on explaining the relationship between mean differential responses in the amygdala and visual cortex and mean behavioral accuracy across individuals. If the above network interactions subserve behavioral performance as hypothesized, they should be observed in a moment-to-moment basis. Importantly, the mediation would be expected to be predictive of the behavioral outcome on individual trials, namely, whether or not a subject correctly detected a target scene (hit vs. miss). Accordingly, for every participant, behavioral reports were explained via simple and multiple logistic regression analyses (see SI Text). The path coefficients thus obtained were then tested at the group level. Trial-by-trial responses in the amygdala reliably predicted behavioral decisions during the CS ϩ condition [c ϭ 0.49, SE ϭ 0.13; t (29) ϭ 3.82, P Ͻ 0.001]. As obtained in the previous mean-response mediation analysis (Fig. 4A) , the effect of the amygdala on behavioral decisions was mediated by the R PHG [ab ϭ 0.33, SE ϭ 0.11; t (29) ϭ 3.13, P Ͻ 0.01] (Fig. 6A) . In other words, the direct effect of the amygdala was not significant after controlling for the effect of the PHG (cЈ ϭ 0.16, SE ϭ 0.16, n.s.). A similar analysis was not carried out for the CS Ϫ condition because the amygdala did not significantly predict behavioral decisions in this case (c ϭ 0.15, SE ϭ 0.10, n.s.). 
Amygdala Responses and the Slope of the Visual Cortex to Behavior
Relationship. We further reasoned that if the amygdala shapes perception, the strength of the predictive effect between visual cortex and behavior should depend on the strength of amygdala signals. To test this hypothesis, trials across participants were pooled together and binned according to response magnitude (see SI Text and Fig. S7 ). The same trials were then used, and trial-by-trial logistic regressions involving the PHG and behavior were determined for every bin. Fig. 6B displays the results, which revealed that as response strength in the amygdala increased, the slope of the logistic regression was steeper [r (14) ϭ .55, P Ͻ 0.05], i.e., the link between brain responses in visual cortex and behavior was tighter.
Discussion
In this study, we investigated how affective significance shapes visual perception during the AB paradigm. Our first goal was to characterize how mean signal changes in amygdala responses were related to changes in visual cortical responses and behavioral performance. Our second goal was to characterize these relationships on a moment-by-moment basis so that fluctuations in fMRI responses could be linked to variability in behavioral performance. Our main findings can be summarized as follows. Behaviorally, affectively significant scenes (CS ϩ ) were better detected than neutral (CS Ϫ ) ones. In terms of mean brain responses, both amygdala and visual cortical responses were stronger during CS ϩ relative to CS Ϫ trials. Increased brain responses in these regions were associated with improved behavioral performance across participants and followed a mediation-like pattern. Importantly, the mediation pattern was observed in a trial-by-trial analysis, revealing that the specific pattern of trial-by-trial variability in brain responses was closely related to single-trial behavioral performance.
AB with Affective Stimuli. Following affective learning, participants showed better visual detection of affectively significant stimuli (CS ϩ scenes) relative to neutral stimuli (CS Ϫ scenes), even though processing resources were taxed due to the detection of the initial target stimulus. Thus, although T1-related attentional demands were equivalent during both trial types, affectively significant stimuli were less susceptible to the AB than neutral ones, consistent with a growing body of studies that have showed that both emotional words and faces more effectively vie for limited resources during the AB paradigm (2, 13, 14) . Because we used physically identical stimuli (across participants), the observed behavioral effect can be attributed to the different learning histories and not simply to differences in, say, visual features between emotional and neutral stimuli (see also reference 19).
Perception and the Strength of Amygdala and Sensory Representations. Consistent with a large body of data (20) , responses in the amygdala were stronger during CS ϩ relative to CS Ϫ trials. Interestingly, differential amygdala responses between hit and miss trials were reliably detected during CS ϩ trials but not for CS Ϫ trials. For both CS ϩ and CS Ϫ conditions, stronger evoked responses were observed in visual cortex during correct (hit) than incorrect (miss) trials, results that support the notion that the strength of the sensory representation plays a critical role in determining the fate of stimuli in the AB (15, 21) . It is noteworthy that the comparison between CS ϩ and CS Ϫ miss trials did not reveal significant differential responses in the amygdala or PHG (or elsewhere in the brain). It thus appears that the affective nature of a stimulus itself does not guarantee differential responses, contrary to suggestions of stronger automaticity of emotion-laden stimuli (22) . More generally, this finding suggests that affective perception is indeed under the control of attentional mechanisms during temporal ''bottleneck'' conditions, in addition to during spatial competition conditions (10, 23) .
The analyses in terms of mean signal changes were complemented by trial-by-trial analyses that revealed that trial-by-trial fMRI signal amplitude in both the amygdala and sensory cortex (PHG) reliably predicted perceptual decisions (hit vs. miss). Combined, these results indicate that affective learning strengthened an item's representation of CS ϩ scenes, such that they reached awareness more reliably. In particular, the trial-by-trial link between visual responses and behavior demonstrates the importance of the strength of sensory representations in determining the fate of T2 stimuli in the AB (15) .
How Is Visual Perception Shaped by Affective Significance? The goal of the present investigation was to probe not only how evoked responses in individual regions were linked to behavioral performance during the AB, but, importantly, to advance our understanding of how network interactions impact visual perception. On the one hand, we were interested in probing how interactions between the amygdala and visual cortex were related to behavioral performance. On the other hand, we were also interested in understanding how these regions interacted with frontoparietal sites. At the level of mean responses, the results of our path analyses were consistent with the overall proposal of Fig. 1 . Specifically, the impact of the amygdala on behavior was consistent with a mediation via visual cortex, and the influence of the amygdala on visual cortical responses was consistent with a mediation, although partial, via frontoparietal regions.
In the first case, we considered the amygdala to be a ''source'' region (note the arrow direction in Fig. 1 A) . This was done because, in our study, affective significance was obtained via aversive conditioning, which is known to be dependent on the amygdala in both nonhuman species and humans (24, 25) . In our study, during an initial, separate experimental phase, participants were conditioned to a specific category of scenes (houses or buildings) and during the subsequent AB task phase, the two stimulus categories were used as CS ϩ and CS Ϫ stimuli. Accordingly, we hypothesized that the prior effect of learning history would lead to increased processing in visual cortex. Importantly, the hypothesized direction in Fig. 1 A was informed by lesion data that directly supports the notion that increased responses in visual cortex depend on the integrity of the amygdala (8) and is also consistent with anatomical data that amygdala efferents project to anterior portions of the visual cortex (26) .
Similar considerations also apply to the interactions suggested in Fig. 1B . In this case, the direct connection between the amygdala and visual cortex was supplemented by an additional ''indirect'' link via frontoparietal regions. It has been suggested that frontoparietal regions are involved in the control of visual competition, including competitive interactions during the AB, and that they may be critical ''bottleneck'' sites (27) . Note that the ''indirect'' pathway in Fig. 1B is also indirect in the sense that the amygdala does not appear to strongly connect to these regions monosynaptically (28) . Taken together, our results are consistent with the mediation-like interactions outlined in Fig. 1 . Naturally, our analyses do not allow us to infer causal relationships, and other interaction schemes are possible (see additional analysis in SI Text and Fig. S8 ). For instance, the role of frontoparietal regions may be better viewed as one of ''gating'' the link between the amygdala and visual cortex, namely, a more moderation-like interaction pattern.
Evidence that the interactions between the amygdala and visual cortex subserve behavior during the AB was further supported by path analysis at the trial-by-trial level. Finally, our analyses revealed that the variability of responses in the amygdala was directly related to the strength of the visual cortex-tobehavior relationship. In summary, our results suggest that affective significance determines the fate of a visual item during competitive interactions by enhancing sensory processing through both direct and indirect paths. In so doing, the amygdala helps separate the significant from the mundane and shapes our visual world.
Methods
For additional information, please see SI Text.
Subjects. Thirty right-handed subjects participated in the experiment and provided informed consent, as approved by the Institutional Review Board of Indiana University, Bloomington, IN.
Behavioral Experiment. The behavioral AB experiment, which was administered prior for scanning, consisted of both single-and dual-task conditions and was used to calibrate task difficulty for the subsequent fMRI sessions. During the dual task, participants were asked to search for two targets presented among 18 distractor items in an RSVP (Fig. 2) . The first target (T1) was a face image, and the second target (T2) was a scene image. Each RSVP item was displayed for 100 ms. The T1 task involved identifying one of three potential target faces (''Andy,'' ''Bill,'' and ''Chad''). The T2 task involved a categorization of scene stimuli (house, building, or no-scene). Three main trial types were investigated: Hit, correct trial containing a house/building stimulus; miss, no-scene response for trials containing a house/building stimulus; correct reject (cr), correct trial that did not contain a house/building (i.e., containing a distractor at the T2 position). During the single-task condition, the same trial structure was used, except that the T1 image was replaced with a distractor stimulus and the final T1-related decision display was removed.
fMRI Experiment. After the behavioral session, participants finished two to three fMRI sessions. Each session involved behavioral training (which occurred during the anatomical scan), affective learning (one run), dual tasks (12 runs), and a functional localizer task (one run). During conditioning, either houses or buildings were paired with mild electrical stimulation, thereby generating CS ϩ and CS Ϫ stimuli (counterbalanced across subjects). After fear conditioning, participants performed dual-task trials (i.e., the AB paradigm), which were identical to those during the behavioral session, except that a slow event-related design was used with trials occurring every 14, 16, or 18 s. For each participant, the initial temporal lag between the first and second targets was individually set to the lag that yielded 60 -65% accuracy during the previous behavioral session. Performance during the fMRI session was monitored on a per-run basis, and task difficulty was further calibrated (via changes in T1-T2 lag) to maintain T2 detection accuracy around 60 -65% for the CS Ϫ condition. At the end of the first fMRI session, participants performed one additional functional localizer with novel faces and scenes to help determine ROIs in the PHG and FG.
MRI Data Acquisition and Analysis. MRI data were acquired using a 3T TRIO scanner (Siemens Medical Systems). Data analysis used the AFNI package (29) and other tools. Statistical tests for our experimental hypotheses were conducted within a set of target ROIs that included the amygdala, PHG, FG, and additional frontoparietal regions.
